SUMMARY Two-dimensional echocardiography underestimates left ventricular volume compared with cineventriculography. To exclude the influence of difference in heart rate, blood pressure, respiration phases and any effect of the contrast material on left ventricular function, simultaneous studies of twodimensional echocardiography and cineventriculography-echoventriculography were performed in 46 patients. Apical two-dimensional echocardiograms in the right anterior oblique (RAO) equivalent view were recorded before and during cineventriculography in the 300 RAO projection. End-diastolic and end-systolic volumes (EDV and ESV) were calculated using a disc method with a semiautomatic computer system. The echo transducer position relative to the left ventricular apex and long axis was analyzed. For EDV determined by two-dimensional echocardiography and cineventriculography, the linear regression equation was radiologic methods.'4 Thus, patient-related problems could explain the systematic underestimation of left ventricular volume as determined by two-dimensional echocardiography. Differences in heart rate, blood pressure and respiration, and possible influences of contrast agents have been reported.4
radiologic methods.'4 Thus, patient-related problems could explain the systematic underestimation of left ventricular volume as determined by two-dimensional echocardiography. Differences in heart rate, blood pressure and respiration, and possible influences of contrast agents have been reported. 4 In this study we analyzed left ventricular volumes and ejection fractions from simultaneous recordings of two-dimensional echocardiograms in the apical right anterior oblique (RAO) equivalent view and cineventriculograms in the RAO plane, eliminating any perturbing influences on left ventricular volume.
Methods

Patients
The study was performed in 46 patients, 39 males and seven females, who were undergoing catheterization for evaluation of clinically suspected coronary artery disease (table 1). The mean age (± SEM) was 51.2 + 6.9 years. Thirty-seven patients had significant coronary artery disease, nine showed features of primary congestive cardiomyopathy, two had arterial hypertension, four mitral regurgitation, one patient had mitral valve prolapse, one obstructive cardiomyopathy, and one aortic insufficiency. Three patients appeared to be normal. Fifteen of the 37 patients with coronary artery disease showed asynergy of the anterior wall and 13 asynergy of the posterior wall.
Catheterization
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Echoventriculography was performed during injection of contrast material for cineventriculography.
Calculation
End-diastolic and end-systolic volumes were calculated from the simultaneously recorded cineventriculogram for the first well-opacified beat. In 22 patients, the first four beats could be analyzed with both methods without extrasystoles interrupting the sequence. For two-dimensional echocardiography, the last beat immediately before cineventriculography was also examined. Stroke volume and ejection fraction were calculated.
The same apparatus and programs were used for both cineventriculographic and two-dimensional echocardiographic measurements. Using an ultrasonic pen FIGURE 1. End-diastolic cineventriculographic and two-dimensional echocardiographic images of the same beat. On the cineventriculogram, the echo transducer can be seen superior to the anatomic apex of the left ventricle (LV). The resulting tangential cut of the heart by two-dimensional echocardiographyforeshortens the long axis. The left ventricular cavity is filled with dense echoes produced by injection of the contrast material. Ao L.< = aorta; LA = left atrium. and computer system, left ventricular volumes were calculated according to a multiple-slice method as previously described (GA 18/30 ERA-General Automation). The validity of the slice method has been confirmed in asymmetric model hearts for two-dimensional echocardiography and radiography. 14 The position of the echocardiographic transducer in relation to the left ventricle was evaluated with two methods ( fig. 2) : (1) The angle between the axis of the axial echo beam and left ventricular long-axis was determined at end-diastole and end-systole. (2) A line was constructed between the center of the aortic valve and the apex of the left ventricle, and points designated along this line from 0% at the aortic valve to 100% at the ventricular apex.'7 The point where this line was intersected at right angles by a line from the point where the axis of the axial echo beam entered the left ventricular was identified, and its position expressed according to this percent scale.
Statistics
Comparison of volume determination by cineventriculography and two-dimensional echocardiography was performed by an analysis of covariance. For further description, an analysis of covariance was perforned separately for each method of calculation to compare adjusted group means and slopes between radiographically and two-dimensional echocardiographically determined volumes. Where possible, the relation between cineventriculography and two-dimensional echocardiography was described by a linear regression and analyzed. (table 3) . End-systolic volume was underestimated by two-dimensional echocardiography compared with cineventriculography, with a mean difference of 30.6 ± 6.9 ml (p < 0.001).
The two-dimensional echocardiographically determined stroke volume was smaller than the cineventriculographically determined stroke volume, with a mean difference of 40.0 ± 4.7 ml (p < 0.001). The ejection fraction was also smaller by two-dimensional echocardiography, 44.5 ± 2.5% vs 52.0 ± 3.3%, respectively (mean difference was 7.5 1.8S%, p < 0.001). The regression equation was y 0.606 x + 13.0, r 0.803, SEE = ± 9. 1%.
In 22 patients, the first four consecutive beats after contrast injection could be analyzed with both methods (table 4) . Contrast material increased end-diastolic and stroke volumes (comparing the beat immediately before with the first beat after injection). End-diastolic and end-systolic volumes remained elevated, but stroke volume and ejection fraction both decreased by the fourth beat after injection.
Analysis of the position of the echo transducer in relation to left ventricular long-axis revealed that the transducer was cranial to the anatomic apex in all but two patients (figs. 4-7). The mean angle between left ventricular long-axis and the axis of the echo beam was 22.4 ± 4.1 and decreased during systole to 20.0 + 1.50. The mean difference (2.4 ± 2.7°) was significant (p < 0.001), even though a wide scatter of values was found ( fig. 6 ). In 15 patients, transducer position was also examined in the LAO hemiaxial plane (fig. 4) . In 14, the transducer was located anterior to the long axis of the ventricle and in eight, cranial to the apex. In these patients, the transducer position meant that twodimensional echocardiographic images of the left ventricle could only be received by a tangential cut of the ventricle. No significant correlation was found be- The results seemed to be independent of whether mechanical'1 or electronic sector scanners3' 4 were used and also independent of whether single-plane4' 6. 10 or biplane cineventriculography5 8 was performed. Only in children has left ventricular volume determination been possible without any significant difference.'9 Differences in heart rate and blood pressure have been considered but found to be too small to explain the large discrepancies between two-dimensional echocardiography and cineventriculography.4 Different breathing phases -inspiration during cineventriculography and expiration during echocardiographycould contribute to the differences between the methods. 4 Previous studies suggested that injection of contrast material, resulting in higher left ventricular volumes, might in part explain the difference between the two methods in nonsimultaneous studies.4 Echoventriculographic beat-to-beat analysis of end-diastolic and endsystolic volume before and during cineventriculography shows only a small increase of end-diastolic volume for the first beat. observed, indicated by a decrease of stroke volume and ejection fraction as the result of a significant increase of end-systolic volume. Thus, injection of contrast material can only contribute a small part to the difference found between echocardiography and cineventriculography.
To further evaluate two-dimensional echocardiographic volume determination, simultaneous instead of nonsimultaneous recordings of cineventriculograms and two-dimensional echocardiograms were performed. But despite simultaneous recording, underestimation of left ventricular volume and ejection fraction by two-dimensional echocardiography was not prevented. [23] [24] [25] Additionally, accuracy of volume determination did not appear to be enhanced; regression coefficients were not increased compared with nonsimultaneous studies and standard errors of estimate fell in the same range.3' 4 9, 10 This is partially because the injection of contrast material decreased the sharp delineation of left ventricular endocardium and increased the difficulty of outlining ventricular contour.26 Also, inflow of contrast-free blood from the left atrium produced a washout effect, disturbing homogeneous opacification of the left ventricle with microbubbles.
The most important reason for underestimation of left ventricular volume by two-dimensional echocardiography was discovered when the transducer position was examined. Except in two patients, the transducer was cranial to the anatomic apex of left ventricle. Taking into account the fact that in this position the long axis of left ventricle was different from that of the axial echo-beam and a complete contour of the ventricle imaged ( fig. 1) , we reasoned that the cross-sectional images could only be tangential cuts of the heart. To prove this hypothesis, we looked at the position of the transducer in the LAO cranial view. In all but one of the patients, the transducer was positioned anterior and superior to the left ventricular apex.
Our studies have thus confirmed that the main reason for underestimation of left ventricular volume by two-dimensional echocardiography is visualization of a tangential cross section of the heart, leading to smaller diameters, long axis and volumes. 4 Large standard errors of estimate are explained by the large scatter of values for the position of the transducer. For an individual patient, the position of the transducer cannot be predicted; therefore, no calculation can be relied upon to correct the underestimate accurately. The underestimation of left ventricular volume related to a tangential cut of the ventricle may be enhanced by slice-thickness artifacts, as described in experiments by Goldstein and Madrazo27 with gray-scale ultrasound. The slice-thickness effects are produced because the finite width transducer beam pattern produces a finite thickness of the patient scan plane. All echoes produced in this "thick" scan plane are misinterpreted as being due to structures in the normally assumed "thin" scan plane.27 Figure 8 illustrates in the three orthogonal planes of a ventricle the position of an apical echosector beam in the middle of the ventricle (I) and a tangential cut (II). Slice-thickness artifacts can increase underestimation of ventricular diameters and areas and overestimation of wall thickness, phenomena observed in previous studies, 28 29 including experiments with formalin-fixed hearts. 29 With two-dimensional echocardiography, a cross section of the left ventricle is imaged, whereas with cineventriculography a silhouette of the ventricle is FIGURE 9 . Principal differences between the contour method of cineventriculography (CVG) and the cross-sectional method of two-dimensional echocardiography (2dE). The outer control of ventricular trabeculae are outlined by CVG and the inner contour by 2dE. Thus, left ventricular diameters and the long axis determined by 2dE are smaller and wall thickness greater than when measured by CVG. obtained ( fig. 9) . Thus. the outlined left ventricular area with cineventriculography is larger than with the two-dimensional echocardiographic image, leading to an underestimation of volume with echocardiography. The two methods cannot be reconciled because the inner border of trabeculae cannot be outlined by cineventriculography and it is impossible to recognize the outer border of trabeculae with two-dimensional echocardiography because of low resolution. These methodologic limitations could not be overcome by echoventriculography because microbubbles, produced by the contrast injection, did not penetrate the system of trabeculae.
We tried to image the left ventricle as inferiorly and laterally as possible to give the greatest long axis. This maneuver was controlled fluoroscopically. Comparison of our data with those of Gleichmann et al. '7 re- vealed that the axis of the echo beam passed closer to left ventricular apex, transecting the long axis of the ventricle at a mean distance of 88% of the axis length from the aortic valve, compared with a figure of 67%
for the position of a needle that was used for transcutaneous ventricular puncture in patients with aortic stenosis. We therefore believe that our aim of imaging the ventricle in the longest axis possible was achieved, although the anatomic apex was found in only two patients. During systole, the left ventricular apex moves anteriorly and superiorly, resulting in a decrease of the angle between the long axis and the axis of the echobeam. A mean decrease of about 2.5°was found."°This movement did not diminish the underestimation of volume, an observation also reported by Barrett et al.31 One explanation is the more pronounced trabeculation of the ventricle during systole, thereby increasing the difference in outlining left ventricular contour by two-dimensional echocardiography and cineventriculography.
In conclusion, for apical two-dimensional echocardiography, echo transducers are positioned superior and anterior to the apex of the left ventricle in 95% of patients. Therefore, RAO equivalent views represent tangential cuts of the left ventricle, underestimating left ventricular diameter, long axis and volumes. Because of large scatter of values for positioning of echo transducer, the left ventricular volume cannot be predicted accurately. These methodologic problems are enhanced by slice-thickness artifacts. These results must be considered when three-dimensional reconstructions of the left ventricle are performed.
